Previous research revealed a dynamically triggered earthquake front propagating along Southwest Japan, in correlation with the arrival of surface waves from the 2011 M9.0 Tohoku-oki earthquake. However, some characteristics of the dynamically initiated seismic activation have not been investigated in detail. We analyse first the dynamic triggering process, using NIED waveform data. Our results suggest that at several triggering sites in SW Japan, including volcanic areas in Kyushu, the arrival of larger amplitude Love waves may correlate better with the occurrence of first locally triggered events compared to the Rayleigh wave arrivals. We also observe that triggering takes place during relatively long-period surface waves. We search for other cases of dynamic triggering in SW Japan by remote large earthquakes and show that the distinctive phase arrivals of both Love and Rayleigh waves from the 2008 M7.9 Wenchuan earthquake triggered local events in Kyushu. These observations suggest that sharing motion on well-lubricated local faults may have started failure in these areas. Based on the analysis of an extended earthquake catalogue, we find that the stacked seismicity for the dynamically triggered regions in SW Japan after the 2011 Tohoku-oki earthquake has a significant, albeit weak increase after the megathrust event, followed by a relatively slow decay towards the background level for the next several days. The relatively slow decay may reflect the temporal pattern of stacked, swarm-like clustered seismicity, which has been mainly activated at volcanic/geothermal areas in Kyushu. The decay of seismicity within a single, activated earthquake cluster may have, however, different characteristics. The analysis of the aftershocks initiated dynamically at the Yufuin-Beppu geothermal area (Kyushu), by the 2016 M7.3 Kumamoto earthquake, shows a fast decay that may reflect quick stress recovery near higher-temperature volcanic or geothermal regions.
I N T RO D U C T I O N
The dynamic triggering of seismicity at remote locations by the passage of surface waves from large earthquakes is a well-documented phenomenon, with many such cases reported and analysed worldwide (e.g. Hill et al. 1993; Brodsky et al. 2000; see Hill & Prejean 2015 , for a recent review). Somewhat surprisingly, remote activation of earthquakes in Japan is relatively scarce (Harrington & Brodsky 2006) , despite high-levels of seismicity associated with active faulting and volcanism. There are, however, two notable cases of widespread remote dynamic triggering in Japan, after the occurrence of the 2011 M9.0 Tohoku-oki earthquake (e.g. Miyazawa 2011; Yukutake et al. 2011 ) and the 2016 M7.3 Kumamoto earthquake (e.g. Enescu et al. 2016; Miyazawa 2016) . In both cases, seismicity activation has been observed predominantly at volcanoes, although there were cases of triggered events associated with active faults.
The physical mechanisms responsible for the remote activation of seismicity are still poorly understood. Two main classes of models (Hill & Prejean 2015) have been proposed to explain the triggering by dynamic stresses: (1) direct triggering by frictional failure and (2) triggering through excitation of crustal fluids. As documented in previous studies (e.g. Aiken & Peng 2014) , fluids are active agents in volcanic and geothermal areas, which may explain the more vigorous and widespread triggering in such regions. Miyazawa (2011) reported an earthquake triggering front, propagating at about the same speed as the Rayleigh waves (of 10-20 s period), from the 2011 Tohoku-oki earthquake; the furthest seismic Triggering and decay characteristics 1011 activation has been observed in southern Kyushu, at the Ibusuki volcanic area, at about 1350 km epicentral distance. Yukutake et al. (2011 Yukutake et al. ( , 2013 studied in detail the triggering around Hakone volcano by the passage of the surface waves from the Tohoku-oki earthquake, using a local seismic network, and revealed details of the triggering process. As discussed by Yukutake et al. (2013) , the initiation of seismicity activation is likely dynamic, however the static stress changes may have also played a significant role (Yukutake et al., 2011 (Yukutake et al., , 2013 Enescu et al. 2012) . Similarly, Kato et al. (2013) analysed the triggering by both static and dynamic stress changes in Hida region and Shimojo et al. (2014) showed that the seismicity increases in Northern Nagano region, immediately after the Tohoku-oki earthquake, was likely initiated dynamically. As shown in all these studies, aseismic transients (fluids or slow-slip) may have contributed significantly to the triggering process. Indeed, the triggered sequences at or close to geothermal and volcanic areas show migration and other swarm-like characteristics, which are the signature of possible aseismic transients (e.g. Kumazawa & Ogata 2013; Kosuga 2014; Shimojo et al. 2014) .
Another widespread remote triggering in Japan followed the 2016 M7.3 Kumamoto earthquake, when small events have been triggered as far as Hokkaido (at an epicentral distance of about 1650 km), by the passage of the main shock surface waves; the strong directivity effect and an increased trigger-ability after the 2011 Tohoku-oki earthquake where hypothesized as probable causes of widespread activation . It is remarkable that the M7.3 main shock triggered dynamically a relatively large event (of M5.9) in the Yufuin-Beppu geothermal region, Kyushu (e.g. Miyazawa 2016; Uchide et al. 2016) ; the Tohoku-oki earthquake triggered seismicity in this region as well (Miyazawa 2011 ).
Here we revisit the remote triggering in SW Japan by the 2011 M9.0 Tohoku-oki earthquake, focusing on two issues of importance for seismic hazard that have not been addressed previously. First, we investigate the correlation between the occurrence of early postTohoku-oki events and the passage of both Rayleigh and Love waves from the main shock. To get a better physical insight of the triggering mechanisms we search for previous triggering in Kyushu, by other large remote earthquakes occurred worldwide after 2005. Second, based on an improved earthquake dataset, we analyse the preand post-Tohoku-oki seismicity pattern in all triggered regions, and discuss the temporal extent and decay characteristics of stacked and individual earthquake sequences activated in SW Japan. Since one of the geothermal areas in Kyushu, activated after the 2011 megathrust earthquake, has been also dynamically triggered following the 2016 M7.3 Kumamoto earthquake, we compare the decay of 'normal' aftershocks, triggered by the static stress changes due to the Kumamoto main shock rupture, with that of dynamically initiated seismicity at the geothermal area.
DATA A N D M E T H O D
We use the earthquake catalogue data of the Japan Meteorological Agency (JMA) as well as the Hi-net (high-sensitivity) and F-net (broadband) waveform data provided by the National Research Institute of Earth Science and Disaster Resilience (NIED).
To detect locally triggered events, we use a two-way Butterworth bandpass filter in the frequency range of 10-30 Hz. As we have experimented before (e.g. Shimojo et al. 2014) , such a filtering ensures good detection of remotely triggered events, while avoiding at least in part the high-frequency noise. In most cases, the remote detections were confirmed and the earthquakes were localized by identifying the P-and S-wave arrival times of the triggered events. To correlate the observed remote triggering with the passage of surface waves from the main shocks, we have used Hi-net and F-net data in the frequency range of 0.01-0.2 Hz (5-100 s). In this respect, the Hi-net data were processed using the approach of Maeda et al. (2011) , who showed that the Hi-net waveforms can be successfully used to retrieve long-period ground motions after applying an appropriately designed recursive filter.
For the analysis of the earthquake catalogue data, we determine the magnitude of completeness (M c ) by using the entire magnitude range (EMR) method (Woessner & Wiemer 2005) . Determination of b-values (of the frequency-magnitude distribution) or of the Modified-Omori law parameters are performed for M ≥ M c . The b-value is estimated using a Maximum Likelihood approach (MLM) (Aki 1965) . The parameters of the Modified Omori law,
p -where n(t) is the frequency of aftershocks per unit tine, at the time t from the main shock and p, c and K are constants-are determined by maximizing the logarithm of the likelihood function (Ogata 1983) . Standard errors of parameters are obtained from the inverse of the Hessian matrix of the likelihood function (Ogata 1983) .
DY N A M I C T R I G G E R I N G C H A R A C T E R I S T I C S I N S W JA PA N
3.1 Immediate activation of seismicity after the M w 9.0 Tohoku-oki earthquake
We have first created a catalogue of earthquakes occurring in SW Japan in the first ∼30 min after the 2011 M9.0 Tohoku-oki earthquake, which is used throughout this study. All the earthquakes detected on the high-frequency seismograms and located afterwards are listed in Table 1 . The earthquake were located by using the HYPOMH program (Hirata & Matsu'ura 1987) and the same 1-D velocity model used by the JMA. Fig. 1 presents the spatial distribution of the detected and localized earthquakes. Note that most of these events are not recorded in the JMA catalogue since in the aftermath of the 2011 Tohoku-oki earthquake the large amplitude surface waves obscured many small earthquakes and, in addition, JMA was overwhelmed with the detection and location of thousands of events occurring off-shore Tohoku region. Miyazawa (2011) discussed already the migration of an earthquake front in SW Japan and the triggered areas that he identified are similar with ours. This section discusses some characteristics of Love and Rayleigh waves at the triggering sites, which have not been previously addressed.
We have not included in our investigation the vigorous activation of seismicity at Hida Mountain (Kato et al. 2013) and around Izu Peninsula Enescu et al. 2012) , including Hakone volcano area (Yukutake et al., 2011 (Yukutake et al., , 2013 : these cases have been analysed in detail before and both static and dynamic stress changes from the 2011 Tohoku-oki earthquake have been shown to play a triggering role.
The areas of activation shown in Fig. 1 are in Aichi and Tokushima, at depths around 30-45 km, the area in Hyogo and Tottori, at depths of around 15-25 km and finally the relatively shallow (0-15 km depth) triggering at several locations in Kyushu Islands (in Nagasaki, Fukuoka, Oita and Kagoshima prefectures). The triggered earthquakes in Aichi and Tokushima occur at the subduction of Philippine Sea Plate under the Japanese Islands, very close to the subduction interface (e.g. Hirose et al. 2008) . The shallower triggered events in Hyogo, Tottori and Fukuoka are associated with 1012 A. Opris et al. a strike-slip environment (e.g. Terakawa & Matsu'ura 2010; Toda & Enescu 2011) . Finally, the events in Nagasaki, Oita and Kagoshima occur in volcanic/geo-thermal areas, in a preponderantly extensional tectonic regime. All these areas are located at relatively large distances from the Tohoku-oki earthquake ( Fig. 1) , thus making the initiation of seismicity activation by static stress changes from the megathrust event unlikely (Miyazawa 2011; . We have verified our assumption by calculating Coulomb static stress changes using the model of Suzuki et al. (2011) as source (i.e. the Tohoku-oki rupture model) and nodal planes of F-net (NIED) CMT focal mechanisms (1997-present; earthquakes of M ≥ 3.0), selected in all the areas discussed above, as receivers (considered representative for the local faulting structures). We used an apparent coefficient of friction of 0.4, but variations within 0.2-0.8 range produced equivalent results. The estimated stresses are all on the order of 0.01 MPa or less; note that a value of ∼0.01 MPa is considered as an effective stress triggering threshold of seismic events (e.g. Stein 1999 ). The largest dynamic stresses in all investigated areas were at least one order of magnitude larger (e.g. Miyazawa 2011). In Kyushu, where most significant remote activation has been observed (as explained later in the paper), the static stresses were below 1 kPa. We therefore conclude that the role of static stress transfer from the M9.0 Tohoku-oki megathrust to trigger seismicity in the areas discussed in this paper is not significant. We look at the characteristics of immediate triggering by showing in Fig. 2 the high-frequency (10-30 Hz) vertical component velocity seismograms together with the low-pass filtered (5-100 s) displacements on the vertical, radial and transverse components at Hi-net stations, for four of the triggered regions ( Fig. 1) . It is clear from Fig. 2 that the first events triggered in each region (see also Table 1 ) correlate well with the passage of both the Love and Rayleigh wave trains from the main shock. We also observe that the Love wave displacement amplitudes (as seen on transverse components) are significantly larger than the amplitudes of Rayleigh waves (as seen on vertical and radial components). Moreover, the triggering in Hyogo, Oita and Kagoshima regions (Figs 2b-d) occurs at the peak of Love wave arrival or close to it (same could be seen for the Tokushima region (not shown)).
For example, the triggering in Kagoshima ( the first triggered event in each region, by considering average Love, Rayleigh and P-wave phase velocities of 4.1, 3.9 and 6.5 km s -1 , respectively. We have checked and found that variations around these values do not influence the results significantly (since the triggered events occurred close to the corresponding Hi-net station).
While dynamic triggering by Love waves (shearing motion) at active faults is not a surprising result, volcanic regions in Kyushu are expected to more likely respond to excitation by compressional, Rayleigh-wave type motion, if fluids are involved. Unfortunately, the estimation of dynamic stresses considering not only the amplitude of shaking (e.g. the displacement amplitudes at the triggering sites), but also the source-receiver geometry (e.g. GonzalezHuizar & Velasco 2011), is very challenging since the earthquakes triggered dynamically by the 2011 Tohoku-oki earthquake are small and thus their focal mechanism cannot be determined. In addition, the focal mechanisms of the triggered events by the megathrust earthquake are many times 'atypical' (e.g. ) and using focal mechanisms of past events as a proxy to calculate dynamic stress changes may provide biased results. Nevertheless, we will show in Section 3.2 that Love waves from another large remote earthquake triggered small events in Kyushu, in two distinct volcanic/geothermal areas, allowing us to suggest a model for the remote triggering.
We note that at least for some cases (Figs 2c and d) the dynamic triggering is observed during the passage of surface waves with relatively long periods (20-50 s), as exemplified in Fig. 3(a) for the Ibusuki area, at YKWH station. These relatively long periods are confirmed using also broadband F-net data. Surface waves of 10-25 s period are usually reported as most efficient at dynamically triggering earthquakes (e.g. Brodsky & Prejean 2005; Enescu et al. 2016 ; see also discussion at Sections 3.2 and 3.3).
Evidence of dynamic triggering in Kyushu by both Love and Rayleigh waves from the 2008 M w 7.9 Wenchuan earthquake
The results presented in the previous section show the possibility that the large-amplitude Love waves are at least in part causing the initiation of triggering after the 2011 M9.0 Tohoku-oki earthquake. We will further explore in this section the triggering mechanism by looking at potential activation due to other remote, large events. Harrington & Brodsky (2006) performed a systematic analysis of remote triggering of seismicity in Japan; they found that only following the 2004 M9.0 Sumatra earthquake there is statistically significant evidence of remote triggering, which occurred in the Kyushu Islands, at the Ibusuki volcanic field (southern Kyushu; same area as the one labelled 'Kagoshima' in our study). We have used the ANSS world-wide composite catalogue to search for events of M ≥ 7.5 after 2005 and classified them by the amplitude of shaking observed at Hi-net stations in Kyushu, close to volcanic sites. Larger surface wave amplitudes, which correspond to dynamic stresses above a few kPa (Section 3.3), were observed after the 2008 M7. 9 Wenchuan, 2012 M8.6 Sumatra, 2005 M8.6 Nias, 2007 M8.1 Solomon Islands, and 2007 Sumatra earthquakes. Small events that are difficult to separate from the background noise were observed at Ibusuki following the 2012 Sumatra earthquake. The more clear and relevant triggering for our discussion is observed during the passage of surface waves from the 2008 M7.9 Wenchuan earthquake. All the other remote earthquakes mentioned above are non-triggering events (for the areas of interest in our study). Fig. 4 shows distinct triggering of local earthquakes by the 2008 Wenchuan earthquake, with recognizable P-and S-wave arrivals (S-P times of less than 2 s at the stations used in the figure; there were too few available P-and S-phases, however, for locating these events). Two of the events are triggered close to Aso volcano, during the passage of Love and Rayleigh waves, respectively. Similar triggering is observed in the southern part of Kyushu, at the Ibusuki volcanic field. The triggering occurs during the passage of surface waves with periods of ∼10-20 s (Fig. 3b) , similar with other well documented cases (e.g. Hill & Prejean 2015; Enescu et al. 2016 ).
These results suggest a possible dynamic triggering scenario in Kyushu by the surface waves of large remote earthquakes. The arrival of Love waves initiates triggering on fault segments welllubricated by the presence of fluids at or close to volcanic areas; these areas, already brought at or close to failure, are further activated by the passage of Rayleigh waves that possibly cause fluid excitation, responsible for additional cracking. Note that a similar 1014 A. Opris et al. Remote earthquake triggering in SW Japan correlated with the arrival of surface waves from M w 9.0 Tohoku-oki main shock. High-frequency (10-30 Hz) vertical velocity seismograms from NIED Hi-net stations are shown at the top of each plot, followed by low-frequency (0.01-0.1 Hz) vertical, radial and transverse displacement components seismograms, respectively. Time (s) is considered relative to the Tohoku-oki main shock; (a) triggering in Aichi area, shown at HAZH station; (b) same as in (a), but for Hyogo area at AMNH station; (c) for Oita area (more precisely, close to Kuju and Aso volcanoes), at the OGNH station; and (d) for Kagoshima area, shown at YKWH station; the grey arrows show the time-interval used for plotting the velocity spectra in Fig. 3(a) . The numbers indicate manually detected events (listed in Table 1 scenario of triggering has been also proposed in another tectonic environment, in the Nankai Trough, based on observations of both Love and Rayleigh wave triggering of tectonic tremor following the 2011 M9.0 Tohoku-oki earthquake (Chao et al. 2013) .
A summary of dynamic triggering mechanisms
Based on the results of Section 3.1, we regard the seismicity activation in SW Japan, at the sites shown in Fig. 1 , to be initiated by the strong shaking due to the passage of both Love and Rayleigh waves from the Tohoku-oki megathrust earthquake.
Following the approach underlined in previous studies (e.g. Peng et al. 2009 ) and assuming plane wave propagation for teleseismic waves, the peak dynamic stress σ d is proportional to Gu'/V ph (Jaeger & Cook 1979) , where G is the shear modulus, u' is the peak particle velocity, and V ph is the phase velocity. We use a nominal G value of 30 GPa, V ph = 4.1 km s -1 for the Love waves, and V ph = 3.5 km s -1 for the Rayleigh waves. The estimated dynamic stress change values at the furthest triggered site, in Kagoshima (station YKWH, on the transverse component), are of about 131 kPa (0.13 MPa), which is at least 10 times larger than the minimum values of stress that have been shown capable of triggering seismicity (Peng et al. 2009 and references therein). Thus, we infer that the strong shaking by the passage of Love waves might have initiated the triggering process. The possibility that the Love waves initiated the triggering in Kyushu, specifically near Aso volcano and at the Ibusuki volcanic field, is confirmed in Section 3.2 by the analysis of remote seismicity triggering from the 2008 M7.9 Wenchuan earthquake. The events near Aso are triggered at dynamic stresses of about 63 and 99 kPa, as calculated from velocity seismograms recorded at HKSH station, on transverse and vertical components, respectively. Similar values of dynamic stress (51 and 101 kPa, respectively) are estimated at station YKWH, in Ibusuki. The passage of Rayleigh waves (of comparable or even larger amplitudes) triggered as well local events (Section 3.2 and Fig. 4) Chao & Obara (2016), who searched for triggered tectonic tremor in Japan, following the 2012 M8.6 Sumatra earthquake and other large teleseismic events.
T I M E -D E C AY C H A R A C T E R I S T I C S O F T R I G G E R E D S E I S M I C I T Y AT V O L C A N I C A N D N O N -V O L C A N I C R E G I O N S
4.1 Short-term activation of seismicity in SW Japan, after the 2011 M9.0 Tohoku-oki earthquake
We search for subtle short-term activations of seismicity at areas where dynamic triggering due to the passage of surface waves has been previously confirmed (see Section 3.1 and Fig. 1 ). First, we combine our manually detected earthquake dataset (Table 1) with the JMA earthquake catalogue. If a JMA-catalogue earthquake occurs within less than 5 km and less than 2 s from a manually detected earthquake, the two events are assumed identical (and only the manually detected event is selected). Then, we select earthquakes within circles of a radius of 30 km, at depths from 0 to 50 km, centred at the epicentres of the events that have been detected in the first 30 min, in SW Japan, after the occurrence of the M9.0 Tohoku-oki earthquake. Variation of the selection radius in the range 20-40 km produces similar results. The results of this selection, for a time window of 120 d, centred on the 2011 Tohoku-oki earthquake, are shown in the map view of Fig. 5 . To detect the temporal extent of seismic activation, we plot in Fig. 6 the cumulative number of events (with epicentres shown in Fig. 5 ) versus time. The plot can be interpreted as stacking of seismicity in the dynamically triggered regions. Note that stacking is often used to enhance the 'useful' but weak signal from the 'background', for example when discussing properties of foreshocks and aftershocks (e.g. Enescu et al. 2009 ).
The cumulative number of earthquakes (with magnitudes larger than the overall completeness magnitude, M ≥ M c = 0.5-see inset of Fig. 6 , upper plot and related explanations in figure's caption) shows a clear, albeit relatively weak activation that coincides with the timing of the 2011 Tohoku-oki earthquake (Fig. 6) . The seismicity rate in the first (67 events/d) and second (28 events/d) days after the Tohoku-oki event increased 11.2 and 4.7 times, respectively, compared with the rate of the events in the day before the occurrence of the megathrust (6 events/d). The background rate estimated from the seismicity (M ≥ 0.5) occurred in the studied areas from the beginning of the year until the occurrence of the megathrust event leads to a similar event-rate of 5 events/d. The seismicity rate (6 events/d) after one week from the megathrust event returned to pre-Tohoku-oki earthquake levels. The 7-d relative seismicity increase after the Tohoku-oki earthquake in the triggered areas has a clear decay with time; this decay can be fitted by a Modified Omori law, as shown in Fig. 6 . One can notice the relatively low p-value (∼0.66) obtained for the fitting. The result should be interpreted with caution since the level of catalogue incompleteness might be problematic at short times after the Tohoku-oki megathrust and 'contamination' with background seismicity may bias the parameter towards smaller values (Utsu et al. 1995) . Nevertheless, equivalent results have been obtained for higher magnitude thresholds, M = 0.7, 1.0. Based on the estimated Omori-law parameters (Fig. 6) , the return period of seismicity rates to the background level (6 events/d) lasts about 10 d. The results suggest that despite an overall slow decay (i.e. low p-value) of seismicity rates, the weak seismicity activation in the studied areas returns to the background level in 7-10 d.
To better understand the nature of seismicity activation in SW Japan, after the 2011 Tohoku-oki earthquake, we plot in Fig. 7 the cumulative number and magnitude of earthquakes versus time for some of the triggered areas (Fig. 1) . Regions at or close to volcanoes in Kyushu are most clearly activated (i.e. 'Oita', 'Nagasaki' and 'Kagoshima' regions). For other non-volcanic areas, the seismicity might be activated only during the passage of main shock surface waves (e.g. the 'Hyogo' area). Note also the relatively high seismicity background in the three volcanic areas mentioned above. While the immediate post-Tohoku seismicity rate increase is clear in most regions, an Omori-type decay is difficult to identify; this observation contrasts with the results of Fig. 6 , where stacking enhances the 'signal' during the activation period against the background level.
We could not find any evidence of triggering at non-volcanic sites following the 2008 M7.9 Wenchuan earthquake or other remote large earthquakes occurred after 2005. The passage of surface waves from the 2008 Wenchuan earthquake was associated with dynamic stresses of 30-80 kPa (at the non-volcanic sites), while other remote earthquakes produced significantly lower values, in the range of 10-40 kPa for the 2012 Sumatra earthquake and on the order of 10 kPa or less for the 2005 Nias, 2007 Sumatra and 2007 Solomon Islands earthquakes. Moreover, the seismicity activation at volcanic sites in Kyushu after the 2008 Wenchuan earthquake is relatively weak and might take place only during the passage of surface waves from the main shock.
In some cases (e.g. Fig. 7 , the 'Oita' region), the larger events occur at the very beginning of the triggered sequence, in others (e.g. in 'Nagasaki' region) the first triggered events have smaller magnitudes and are followed by larger events, similar with a seismic swarm. Such observations indicate that the higher rates of seismicity after the initial excitation by the Tohoku-oki surface waves are likely related to local static stress interactions and crustal fluid movement. While the time decay for the stacked earthquake sequence is relatively smooth (Fig. 6(a) ), one can notice a more stair-like pattern for the individual areas (Fig. 7) , which may indicate relatively quick and short local activations, possibly signatures of a fast decay. Local stress interactions (Ziv 2006) and, likely, excitation of fluids at volcanic and geothermal sites (e.g. Kosuga 2014; Shimojo et al. 2014 ) caused the seismicity rates to remain above the background level after the passage of surface waves from the 2011 Tohoku-oki earthquake, however for a relatively brief time. Such an interpretation is consistent with the findings of Brodsky (2006) for long-range triggered seismicity that continues after the passage of surface waves.
The immediate seismicity triggering in Fukuoka (Kyushu; Fig. 7 ) does not occur at or near a volcano (Fig. 5) , however the area experienced a large earthquake (M7.0) nearby, in 2005. The very brief triggering period in Tottori occurred in an area of active faulting, relatively close to a 2016 M6.6 event, where rather frequent moderate-size events have occurred often in the past. These observations may support the interpretation (e.g. Enescu et al. 2016 ) that dynamic triggering could be a proxy for detecting areas of relatively high seismic potential.
What causes the relatively slow decay of seismicity rates for the stacked sequences in SW Japan? Aiken & Peng (2014) documented a relatively slow decay (p-value ∼ 0.7) of dynamically triggered seismicity at geothermal sites in the United States, for roughly the first hour after large remote main shocks. Enescu et al. (2009) reported a slower temporal decay (p-value ∼ 0.7) of stacked swarm-like seismic sequences in California, compared with the more typical main shock-aftershock sequences (p-values ∼ 1.0). These results suggest that the decay found in this study (p-value ∼ 0.7) could be the effect of stacking swarm-type seismic sequences triggered predominantly at geothermal/volcanic areas in Kyushu. Some further support for this interpretation comes from the observed trade-off between the p-value and c-value of the Modified Omori law. By fixing the p-value above 0.7 and inverting only for the c-value and K-value, we have observed a tendency of estimated c-values to increase. For example, a fixed p-value = 1.0, results in a c-value = 0.04 d, which is one order larger than the previously determined c-value (Fig. 6) . We hypothesize that the slightly different timing and decay characteristics of seismicity activation in various areas may result in either a relatively small overall p-value or large c-value. Thus, the temporal characteristics of an individual earthquake cluster might be different than the collective behaviour documented above; however, unfortunately, the number of dynamically activated events is too less for some quantitative local (one-cluster) analysis. Since the 2016 M7.3 Kumamoto earthquake triggered dynamically a relatively large event (M5.9) at Yufuin-Beppu geothermal area (Kyushu), which was followed by many other local earthquakes (likely aftershocks of the M5.9 event), we will compare in Section 4.2 the decay rate of aftershocks following the M5.9 event with that of aftershocks around the M7.3 main shock fault area (non-volcanic region).
Relatively short durations and fast decay of aftershocks at volcanic regions in Kyushu, after the 2016 M7.3 Kumamoto earthquake
We have documented in the previous section a stronger activation of seismicity following the 2011 Tohoku-oki earthquake at some volcanic areas in Kyushu compared to other regions. Two of the triggered areas are situated in the region labelled 'Oita'. At a closer look, one can distinguish two main subareas of activation: the one close to Aso volcano and the other one to the northeast, in the Yufuin-Beppu region. These areas have been seismically activated during the 2016 M7.3 Kumamoto earthquake sequence as well (e.g. Uchide et al. 2016; Yagi et al. 2016) . It is important to remark that Miyazawa (2016) , Uchide et al. (2016) and Yoshida (2016) demonstrated the dynamic triggering initiation (by main shock body or surface waves) of seismicity at the Yufuin-Beppu region, where a M5.9 occurred at very short times after the main shock. The aftershock area following the 2016 M7.3 Kumamoto earthquake can be divided into three subareas, as shown in Fig. 8(a) . The 'Main' area, where the fault rupture is located, the 'Aso' area, which is at the northeast end of the fault and close to Aso volcano, and finally the Yufuin-Beppu geothermal area. Fig. 8(b) shows the decay of aftershocks in the three areas mentioned above, for earthquakes above the completeness magnitude (M c = 2.5). We observe that the p-values at Aso volcano and Yufuin-Beppu geothermal region are unusually high: 1.27 ± 0.03 and 1.51 ± 0.08, respectively; the aftershock decay in the 'Main' area is characterized by a p-value of 1.03 ± 0.02, which is 'normal' for an aftershock sequence. We have obtained similar results for a threshold magnitude of 3.0, thus we conclude that the results are robust against parameter variations. Note also that in a detailed study of Zhuang et al. (2017) , regarding the level of magnitude completeness after the 2016 Kumamoto earthquake, it was found that p-values are less sensitive to completeness issues and the parameter is robust against changes in the threshold magnitude. The relatively short period of activation and fast decay of aftershocks at the Yufuin-Beppu region can be qualitatively confirmed also by the magnitude versus time plots in Fig. 8(c) .
How can we explain the fast seismicity decay for 'Yufuin-Beppu' and 'Aso' areas? As discussed by Klein et al. (2006) , large decay rates (p-values ≥ 1.2) of aftershocks are generally found near active volcanic centres and may associate with higher temperatures near shallow magma reservoirs and faster stress relaxation following main shocks. In addition, the occurrence of a relatively large aftershock (M5.9) at the 'Yufuin-Beppu' region may have released almost completely the accumulated tectonic stresses (i.e. an almost complete stress drop), thus explaining the quick attenuation of seismicity and weak seismic activity after more than one month from the main shock (Fig. 8c) .
We finally attempt to integrate our observations on the decay of dynamically activated seismicity. The remote earthquakes activated preponderantly at geothermal and volcanic areas in Kyushu following the 2011 Tohoku-oki earthquake had swarm-like characteristics, with an overall temporal decay of seismicity rates that follows the Modified Omori law. The estimated small p-value discussed in Section 4.1 is likely an effect of stacking sequences with different temporal characteristics (including different seismicity rate decays). Note that there are some well documented cases that report fast aftershock decays following larger earthquakes that occur within a swarm sequence (Utsu et al. 1995) . The vigorous seismicity that followed the 2016 Kumamoto earthquake displayed clear contrasting aftershock decays: 'normal' p-values around the main shock rupture and large p-values at volcanic/geothermal sites. The aftershocks in the Yufuin-Beppu region, following a dynamically triggered relatively large event (M5.9), had the fastest decay. We hypothesize that while large surface waves from the Kumamoto earthquake could dynamically trigger the M5.9 event (e.g. Miyazawa 2016), the local conditions (temperature and possibly stress) resulted in a fast decay and abrupt termination of aftershocks in the area.
C O N C L U S I O N S
We have documented the dynamic triggering as well as the temporal extent and decay characteristics of seismicity activation at remote locations in SW Japan, following the 2011 M9.0 Tohoku-oki earthquake. The first events in each of the triggered areas occur during the passage of large Love and Rayleigh waves from the main shock. We have observed that the amplitudes of surface wave displacements on transverse components are significantly larger than those on vertical or radial components and hypothesized that the Love waves played a significant role in initiating remotely the seismicity activation in SW Japan, after the megathrust event. We have also noticed that the surface waves responsible for the dynamic triggering after the 2011 Tohoku-oki earthquake are characterized by relatively long periods (20-50 s) compared to those (10-25 s) usually reported as most efficient at remotely triggering earthquakes. The large shaking (i.e. dynamic stresses) associated with these longer period surface waves was likely the dominant factor responsible for event-triggering. The potential of both Love and Rayleigh wave triggering at or close to two volcanic areas in Kyushu is confirmed by the detection of local events that occurred during the passage of surface waves from the 2008 M7.9 Wenchuan earthquake. Our results imply that sharing motion, induced by the passage of Love waves from the remote large earthquake on well-lubricated local faults, may have facilitated and started failure in these areas; the subsequent passage of Rayleigh waves triggered also local earthquakes.
The analysis of a combined catalogue of events-either detected in this study on high-pass filtered continuous waveforms, for the early times after the 2011 Tohoku-oki earthquake, or recorded by the JMA-showed that the stacked seismicity for all activated areas had a clear, albeit weak increase immediately after the megathrust earthquake and continued after the passage of seismic waves, for a period of about one week or less. The decay of activated-earthquake rates towards the pre-main shock levels follows the Modified Omori law and is relatively slow, with p-values of about 0.7, possibly indicating the stacking of swarm-like triggered sequences. The increased rates of seismicity after the passage of seismic waves are most evident in three volcanic/geothermal regions in Kyushu: Oita (includes seismicity near Aso volcano and at the Yufuin-Beppu geothermal region), Nagasaki and Kagoshima (at the Ibusuki volcanic field).
Finally, the aftershock analysis around Aso volcano and at the Yufuin-Beppu geothermal region, following the M7.3 Kumamoto earthquake, revealed a fast decay of aftershock rates (p-value ≥ 1.2), which suggests quick stress relaxation nearby high-temperature, shallow magmatic reservoirs. Since dynamically triggered events are usually observed at geothermal/volcanic sites, future studies should assess whether the fast decay reported in this paper is a general characteristic. In cases where swarm-like seismicity activation is observed, it will be of interest to analyse the decay of aftershocks following larger events within the swarm. The continuous improvement of seismic network detection capabilities may allow an accurate characterization of such temporal features, thus contributing to a better earthquake hazard assessment.
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